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1 .O INTRODUCTION 

General 

The Nimbus 1 Weather S a t e l l i t e  w a s  launched August 28, 1964. 
After  26 days of  successful  opera t ion ,  Nimbus I prematurely 
stopped opera t ing  due t o  the  f a i l u r e  of t h e  S o l a r  Array Assembly 
t o  maintain i t s  P rQFero r i en ta t ion  with respec t  t o  t h e  sun, This 
document summarizes t h e  F a i l u r e  Analysis and Design Improvement 
ac t ion  i n s t i t u t e d  t o  reso lve  t h i s  f a i l u r e  

Contents and Organization 

The Nimbus I F l igh t  His tory ,  Descr ip t ion  and Theory of Operation 
of the Nimbus I conf igura t ion ,  and the  h i s t o r y  o f  t he  p o s t - f l i g h t  
i nves t iga t ion  a r e  included i n  t h i s  s ec t ion  of t he  r e p o r t ,  Summary 
and Conclusions a r e  given i n  Sect ion 11, followed by a d e t a i l e d  
Post-Flight Analysis ,  Section 111" Sect ion I V  contains  t h e  
r e s u l t s  of the  F a i l u r e  Ver i f i ca t ion  program; Sect ion V d i scusses  
t h e  Design Improvements incorporated f o r  l a te r  u n i t s ;  and Sect ion 
V I  c i t e s  t he  Li fe  Assurance Test ing accomplished t o  d a t e .  

F l igh t  History 

The Nimbus I Weather S a t e l l i t e  w a s  launched August 28, 1964, from 
the  Pac i f i c  Missile Range, Ca l i fo rn ia ,  (see Table 1). I n i t i a l  
operat ion of t he  veh ic l e  w a s  very success fu l ,  During i t s  l i f e -  
t ime,  Nimbus T sen t  back t o  e a r t h  more than 27,000 day and n igh t  
time photographs showing weather condi t ions a l l  over t he  wcxld., 
Minor operat ing d i f f i c u l t i e s  w e r e  encountered with some of t h e  
s a t e l l i t e  sys t ems ;  t h e  Solar  Array Drive System operated normally 
except t h a t  a f t e r  a time it w a s  observed from telemetry d a t a  t h a t  
t h e  control  phase vol tage  continued t o  increase  slowly u n t i l  a f t e r  
t he  300th o r b i t ,  The appl ied vol tage  then began t o  f l u c t u a t e  and 
t o  increase. more r ap id ly  u n t i l  on t h e  354th o r b i t ,  s a t u r a t i o n  
vol tage was reached and t h e  a r r a y  stopped t r ack ing  t h e  sun. 
Subsequently,  though t h e  a r r a y  sometimes moved, i t  d id  not  t r a c k  
the  sun u n t i l  t he  358th o r b i t ,  when t h e  appl ied  vol tage  suddenly 
dropped t o  near normal and normal t racking  resumed, This condi- 
t i o n  continued u n t i l  t h e  372nd o r b i t  when t h e  vol tage  suddenly 
sa tu ra t ed  a t  the maximum value again and t h e  a r r a y  stopped t rack-  
i n g  tlw sun. A l l  a r r ay  movements stopped a f t e r  o r b i t  374 and never 
resumed I 

* 1 .. 



I 
NIMBUS I LAUNCH DATA 

LAUNCH VEHICLE: Thor Agena B 

LAUNCH SITE: P a c i f i c  Missile Range, Ca l i fo rn ia  

LAUNCH DATE: August 2 8 ,  1964 a t  1257 A,M. PDT 

ORBIT : 

Apogee : 578 S t a t u t e  Miles 
Perigee : 262 S t a t u t e  Miles 
Period: 103 - 7  Minutes 
I n c l  i n a t  ion  : 81  degrees ,  re t rograde  

OPERATIONAL LIFETIME: 

Approximately 375 o r b i t s ,  26 days. 
Solar  a r r a y  t r ack ing  stopped September 2 1 ,  1964. 

Table I ,  Sect ion I 

- 2 -  



The o t h e r  Nimbus I systems continued t o  opcrrztc iioriiicllly u n t i l  
shut-down t o  conserve power o r  u n t i l  t h e  b a t t e r i e s  were exhausted. 
The s a t e l l i t e  p a r t i a l l y  revived f o r  a b r i e f  per iod  when Che So la r  
Array paddles were o r i en ted  toward t h e  sun by chance s h i f t i n g  of 
t h e  s a t e l l i t e f  s tumbling a c t i o n ,  b u t  So la r  Array Drive opera t ion  
d i d  not resume. 

Descr ipt ion and Operation of t h e  F l i g h t  Configuration 

Nimbus Vehicle 

The Nimbus 7: spacec ra f t  conf igura t ion  i s  shown i n  Figure 1, 

The Sensory Ring Assembly conta ins  t h e  p i c tu re - t ak ing  and condi- 
t i o n i n g  equipment comprising the payload p l u s  o t h e r  a u x i l i a r y  
equipment. The Controls Subsystem Assembly conta ins  t h e  a t t i t u d e  
c o n t r o l ,  power and r e l a t e d  equipments; it i s  phys ica l ly  packaged 
as a sepa ra t e  u n i t  and i s  jo ined  t o  t h e  Sensory Ring Assembly by 
a t r u s s  s t r u c t u r e .  Two So la r  C e l l  Array Paddle assemblies f o r  
t h e  c o l l e c t i o n  of s o l a r  energy are mounted t o  t h e  output  s h a f t  
of t he  Control Subsystem assembly, one on each s i d e  of t h e  space- 
c r a f t  * 

Controls Sub system Assembly 

The Controls Subsystem Assembly conf igura t ion  i s  shown i n  Figure 
2 .  The s t r u c t u r e  i s  i n  t h e  form of a hexagonal c y l i n d e r ,  wi th  
a t t ached  ex te rna l  box s t r u c t u r e s  conta in ing  horizon scanners and 
ampl i f i e r s .  I n t e r n a l l y ,  t h e  assembly i s  r a d i a l l y  p a r t i t i o n e d ,  
providing package r i g i d i t y  and mounting spaces f o r  t h e  a t t i t u d e  
con t ro l  equipment and t h e  So la r  Array Drive Subsystem equipment. 
The s h a f t  t o  which t h e  Solar  Array Paddles are mounted extends 
completely through t h e  Control box assembly and i s  hollow t o  allow 
passage of e l e c t r i c a l  power and sensing l eads  from t h e  paddles.  
Two l a r g e  diameter b a l l  bear ings  a t t ached  t o  o u t e r  panels  of t h e  
hexagonal s t r u c t u r e  support  t h e  paddle s h a f t .  The Solar  Array 
Drive Assembly and t h e  S l i p  Ring Assembly have s h o r t ,  hollow 
s h a f t s  through which t h e  paddle d r i v e  s h a f t  passes  and t o  which 
i t  i s  then a t t ached  by locking p i n s ,  



a 

The mounting and desc r ip t ion  of o the r  systems and components such 
as t h e  e l e c t r o n i c s ,  momentum wheels,  and gyro w i l l  no t  be d i s -  
cussed i n  t h i s  r e p o r t .  

Solar  Array  Drive Assembly 

The Nimbus I Solar  Array Drive Assembly Configuration i s  shown i n  
Figures  3 ,  4 ,  and 5 ,  The assembly c o n s i s t s  of a motor gearhead 
u n i t ,  a potentiometer u n i t ,  and a sub-assembly uni‘c conisaining a I 

c l u t c h ,  output s h a f t ,  and gear ing The motor of t he  motor Gearhead 
u n i t  i s  a Size 8 ,  two-phase AC Servo motor; i t  d r i v e s  a 12OOO:l 
spur gear t r a i n  i n  t h e  gearhead sec t ion , ,  All bear ings  and gear 
meshes of t he  motor gearhead are lub r i ca t ed  a t  assembly with G - 3 0 0  
s i l i c o n e  grease .  A n y l a s i n t  r e s e r v o i r  i n  t h e  motor cover i s  
impregnated a t  assembly with F50 s i l i c o n e  o i l .  The output gear  
of t h e  mDtor-gearhead d r i v e s  a 7:l spur gear  reduct ion t r a i n  i n  
the housing sub-assembly u n i t  and connected t o  t h e  output  s h a f t .  
A ba l l -de t en t  face  c lu t ch  i s  provided i n  t h i s  gear t r a i n  t o  pro- 
t e c t  the  motor gearhead from in ju ry  by back-driving from t h e  s h a f t  
end. 
s i l i c o n e  grease and a n y l a s i n t  r e se rvo i r  i s  impregnated with F50 
s i l i c o n e  oil. 
sub-assembly and conta ins  four  wire-wound potentiometer cups,  It  
i s  driven by a 1:l gear t r a i n  from the  output s h a f t  independent 
of Lhe c lu t ch .  The potentiometer bear ings are lub r i ca t ed  with 
G - 3 0 0  grease ;  t he  wiper and windings are unlubr ica ted  noble 
metals, Design d a t a  of t h e  Solar  Array Drive are t abu la t ed  i n  
Figure 6 ,  

All p a r t s  i n  t h i s  sub-assembly a r e  l u b r i c a t e d  with G-300  

The potentiometer u n i t  mounts on t o  t h e  housing 

THEORY OF OPERATION 

Launch and Acquis i t ion 

The Nimbus Spacecraf ts  a r e  launched from t h e  P a c i f i c  Missile Range 
(PMR) i n  a po la r  o r b i t .  
Agena rocke t ,  
l a t i t u d e  over the  southwestern p a r t  of Madagascar a t  t h e  end of 
t h e  second Agena rocket burn.  

The launch veh ic l e  i s  a two-stage Thor- 
I n j e c t i o n  i n t o  t h e  o r b i t  pa th  occurs a t  a South 

- 4 -  



After  i n j e c t i o n ,  twelve seconds i s  allowed f o r  t he  Agena t o  sta- 
b i l i z e ,  Then a one degree per  second pi tcheap maneuver i s  i n i t i a t e d  
and maintained f o r  80 seconds. The Agena i s  s t a b i l i z e d  a t  a p i t c h  
a t t i t u d e  of t e n  degrees from t h e  v e r t i c a l  and maintained f o r  twenty 
seconds, Separation i s  then i n i t i a t e d  by severing t h e  clamp hold- 
ing the  Nimbus Spacecraft  t o  t h e  adapter  s ec t ion  a f f i x e d  t o  t h e  
Agena rocket .  Compressed spr ings impart a separa t ion  v e l o c i t y  of 
four  feet  p e r  second between t h e  spacecraf t  and the  rocket assur-  

% 

J 

7 ; 

' 7  ing  diverging o r b i t s  

The spacecraf t  mechanically senses  separa t ion  and a f t e r  2.5 seconds 
t h e  paddle unfold mechanism i s  a c t i v a t e d  and t h e  r e se t - sepa ra t e  
r e l ay  i s  switched t o  t h e  sepa ra t e  condi t ion to a c t i v a t e  t h e  con- 
t r o l s  subsystem programmer, 

A t  separat ion the veh ic l e  i s  nominally i n  an o r b i t  path which i s  
c i r c u l a r  a t  an a l t i t u d e  of 500 t o  600 n a u t i c a l  m i l e s .  (Nimbus I 
o r b i t  was e c c e n t r i c ,  see Table I ) ,  

The o r b i t  i s  
from the  equator s o  t h a t  t h e  regress ion  of t he  nodes of t h e  o r b i t  
plane about t h e  equator nea r ly  match t h e  r o t a t i o n a l  movement of 
t he  e a r t h  about t h e  sun. 
plane of t he  spacecraf t  a t  a l l  times p a r a l l e l  t o  a l i n e  between 
t h e  e a r t h  and t h e  sun i s  t o  reduce t o  one a x i s  of motion t h e  
requirement f o r  maintaining t h e  spacecraf t  s o l a r  paddles per-  
pendicular t o  the  sun, 

i nc l ined  a t  an angle  of approximately 81 degrees 

The purpose of maintaining t h e  o r b i t  

The per iod of t he  nominal o r b i t  i s  s l i g h t l y  over 100 minutes with 
approximately one-third of t h i s  t i m e  (35 minutes) spent passing 
through the  e a r t h ' s  umbra. Spacecraft  sunset occurs i n  t h e  
northern hemisphere and sunr i se  i n  the  southern hemisphere. 
(Nimbus I per iod w a s  approximately 104 minutes) 

Following separat ion from the  launch veh ic l e ,  t h e  Control Subsys- 
t e m  s t a b i l i z e s  the  s a t e l l i t e ,  i . e . ,  a l i g n s  the  body axes with the  
o r b i t  axes within two o r b i t s  a f t e r  separa t ion ,  Nominally, sta- 
b i l i z a t i o n  occurs wi th in  t h e  f i r s t  qua r t e r  o r b i t .  
i n i t i a l  s t a b i l i z a t i o n ,  t h e  Control Subsystem maintains s t a b i l i z e d  
a t t i t u d e ,  i . e e g  the  yaw a x i s  must point  t o  t h e  e a r t h  and t h e  r o l l  

Following 



I 

i 

I I .  

I 

I 

a x i s  m u s t  be i n  t h e  o r b i t  p lane ,  Pointing accuracy about a l l  axes 
i s  maintained t o  within one degree.  The instantaneous angular  
ra te  of t h e  s a t e l l i t e  body axes r e l a t i v e  t o  t h e  o r b i t  axes i s  less 
than 0.05 degree pe r  second. Maintaining t h i s  s t a b i l i z a t i o n  i s  
required f o r  t h e  sensory r i n g  equipment t o  opera te  proper ly .  

Solar  Array Control Subsystem 

The Solar  Array Subsystem block diagram i s  shown i n  F i g u r e ?  The 
subsystem c o n s i s t s  of two sun sensor assemblies mounted on the  
Solar  Array paddle;  a s soc ia t ed  e l e c t r o n i c  packages, mounted on t h e  
paddle s h a f t  and i n  the  Control Box Assembly; and t h e  Solar  Array 
Drive Assembly, which has been described previously.  

The s o l a r  a r r a y  con t ro l  subsystem maintains t h e  s o l a r  a r r a y  paddles 
perpendicular t o  t h e  sun during t h e  dayl ight  por t ion  of t h e  o r b i t  
about an a x i s  p a r a l l e l  t o  t he  p i t c h  a x i s ,  Because t h e  s a t e l l i t e  
i s  i n  a high noon o r b i t ,  and t h e  yaw con t ro l  loop o r i e n t s  t h e  
s a t e l l i t e  p i t c h  a x i s  normal t o  t he  o r b i t a l  plane which i s  i n  t h e  
ear th-sun p lane ,  t he  s o l a r  a r r ay  paddles r equ i r e  only s ing le -ax i s  
c o n t r o l .  The two s o l a r  a r r ay  sun sensors  provide e r r o r  d e t e c t i o n .  
The sun sensors  have a c y l i n d r i c a l  conf igura t ion  with s o l a r  c e l l s  
mounted on the  sur face  t o  provide a 360-degree f i e l d  of view about 
t h e  s h a f t  a x i s .  When t h e  s o l a r  a r r a y  paddles are p a r a l l e l  t o  t h e  
sun l i n e ,  the  sun sensors  provide maximum output .  A preampl i f ie r  
ampl i f ies  t he  sun sensor  s i g n a l  and suppl ies  t h e  amplif ied s i g n a l  
as one of two inputs  t o  t h e  d r ive  ampl i f i e r .  
per iod of each o r b i t ,  t h e  sun sensors  produce no s i g n a l ,  A t  t h i s  
t i m e ,  a b i a s  vo l tage  i s  introduced a t  t h e  summing poin t  before  
t h e  d r i v e  ampl i f i e r  by t h e  Sunrise  Bias potentiometer ou tpu t ,  which 
i s  one of t h e  cups of t h e  multi-cup potentiometer u n i t  mechanically 
l inked t o  t h e  s o l a r  a r r a y  s h a f t ,  The output of t h e  potentiometer 
i s  a func t ion  of s h a f t  p o s i t i o n  (see Figure 8 )  and i s  a t tenuated  
by a f a c t o r  of 50 a t  t h e  d r i v e  ampl i f i e r  i npu t .  The purpose of 
t h i s  potentiometer i s  t o  provide a s i g n a l  t o  d r i v e  t h e  s o l a r  a r r a y  
t o  a preset p o s i t i o n  during t h e  s a t e l l i t e  dark per iod f o r  r ap id  
sun a c q u i s i t i o n  when t h e  sa te l l i t e  emerges ( s u n r i s e ) .  The poten- 
t iometer  s i g n a l  d r ives  t h e  s o l a r  a r r a y  s h a f t  a t  about f i v e  t i m e s  
o r b i t a l  r a t e  t o  t h e  s t a b l e  n u l l  p o s i t i o n  corresponding t o  s a t e l l i t e  
sun r i se  

During t h e  dark 
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During t h e  day period the sun SEPC=OT signa1 overricks the b i a s  
s i g n a l  and drives the solar a r r a y  t o  t r a c k  the sun,, however, the 
bias voltage is of su icient magnitude t~ tawse t h e  solar array 
t o  vary a maximum of 1 . 7  degrees I r m  sun position. E m m  sunrise 
t o  past noon, the solar array legs t h e  sunq i 0 e  the surprise 

t i o n .  During t h e  remainder of t h e  day p c r i c d ,  the sunrise b ias  

w 

i a s  causes a negative (csu~ter-@lock.~ise) r o t a t i o n  frorr- sun posi- -> 
.. -* causes a positive (c Lockwise) rGta t ion  from sun p o s i t . i m  

- 7 -  
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NIMBUS I SOLAR ARRAY DRIVE DESIGN DATA 

Motor 

Gearhead 

Clutch 

Housing 
Gearing 

Assembly 

Lubricat ion 

Bearings 

2 (8, 26 VAC, 400 Hertz ,  S ize  8 Servo motor; 
nominal maximum speed 4500 rpm, 
, l o  i n .  oz. ,minimum. 

S t a l l  torque 

12,121:l gear  r a t i o ,  7 passes ,  s t r a i g h t  spur 
gear ing cb  

Ball-detent  face-type c lu tch ;  four  stacked 
Bellevil le-Washer type spr ings  loading t h e  b a l l -  
de ten t  faces .  Clutch s l i p  torque 165 i n .  oz.  
nominal. 

A l l  spur  gea r s ,  2,33:1 gear r a t i o  before  c l u t c h ,  
3:l gear  r a t i o  a f t e r  c lutch, ,  

84,847: l  o v e r a l l  gear r a t i o ,  
torque 495 i n .  oz.  Normal a n t i c i p a t e d  required 
torque less than 90 i n .  oz.  

Nominal output 

General E l e c t r i c  G-300 s i l i c o n e  grease i n  gears 
and bear ings.  Nylasint  r e se rvo i r s  impregnated 
with F50 o i l .  

R2, R3 , R4 s i z e s ;  440C S t .  S t l .  b a l l s  and races  , 
crown r e t a i n e r s  

SECTION I FIGURE 6 
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- 14 - 



a 

@ YAWBIASPOT 

i 

+loo% 

0 

-100% 

+1 ov 

0 

-lov 

-16.5V 

-11.5v 

-6.5V 

SUNRISE POSITION BIAS POT 
STABLE I I 

I r l  

NULL 

SATELLITE 
SUNRISE 

7 
O0 90' 180' 270' O0 

SOLAR A R M Y  (SUNRISE) (NOON) (SUNSET) 
S HA FT POSITION 
(EARTH REF) 

Sec t ion  1, Figure  8 
S o l a r  Ar ray  Drive Potent iometer  Schedules - 15- 

(SUNRISE) 



2 .O SuMMtzliY AND CONCEUSiONS 

Summary 

The Nimbus I Weather Satellite was launched August 28, 1964. 
After 26 days of operation Nimbus I prematurely stopped operating 
due to failure of the Solar Array Assembly to maintain its proper 
orientation with respect to the sun. An extensive analysis and 

47-8 test program succeeded in pinpointing the cause and duplicating 
the failure, which was determined to be due to deterioration of 
the grease in the motor bearings under very high (>3OO0F) tem- 
perature conditions. Corrective design changes, including 
improved heat transfer and lower input power, has reduced bearing 
operating temperatures to well under 200°F. 
design have been life-tested in vacuum for more than 6,000 hours. 
The second Nimbus vehicle, launched May 15, 1966, had exceeded 
Nimbus I life by thirty days as of August 1, 1966, and was operating 
normally. 

Units of the new 

Conclusions 

1. The Nimbus I flight failure was induced by high temperature 
(greater than 300°F) conditions in the Solar Array Drive motor 
bearings. The high temperatures caused deterioration of the 
G-300 silicone grease lubricant, increasing motor bearing friction 
and producing motor stall. 

2. 
characteristic and was not caused by variabilities or anoqalies. 

The high temperature conditions was a design and operating 

3 .  
modified to reduce maximum temperature well within that required 
for reliable, long-life operation (less than ZOOOF). 

The design and operation of the Solar Array Drive has been 

Recommendations 

1. It is recommended that all complex electro-mechanical devices 
be life-tested under simulated orbital conditions and with suitable 
instrumentation to detect incipient failure trends. The worth of 
such testing far outweighs the cost when it reveals deficiencies 
which would cause flight failures. The probability of unknown 
deficiencies in complex electro-mechanical units is relatively 
v e r y  high due to the great many parameters which affect the 
o1:crnti.m of Chese devices. 

- 

.. 
- 16 - 



3 .O POST-FLIGHT ANALYSIS 

Introduction 

i 

8 -  

i 
I 

i 

Subsequent to the flight failure, an extensive analysis of the 
telemetry data and of all elements of the spacecraft Solar Array 
Subsystem was made, 
failure modes, materials, specifications, requirements, and test 
history, Special tests were conducted to check possible failure 
mode theories. 

The investigation included review of possible 

Post-Flight Analysis Conclusions 

It was tentatively concluded that the flight failure was caused 
by a failure in the motor gearhead unit of the Solar Array Drive 
assembly, The failure appeared to be due to lack of lubrication 
or to contamination, 

Analysis of Flight Data 

An orbit-by-orbit examination of the telemetered flight data was 
made to establish the failure signature. 
three channels proved to have information relative to the Solar 
Array Drive failure, 

Of the data telemetered, 

A. Solar Array Drive Amplifier Output -- This is a DC signal, 
0 to -6 -4  volts, formed b y  rectification of the AC m3tor 
drive signal, 
The telemetry calibration for this signal is shown in 
Figure 2. 

The actual- circuit is shown in Figure 1, 

s Data is sampled once a frame (16.2 seconds) 

B. Cosine - Pot Outpu,t -- This signal is used primarily for iris 
control of the AVCS. It is telemetered and is useful as a 
measure of shaft rotation position. Because it is a cosine 
function, the signal position gain is very low over large 
portions of the shaft position range. 
tion for this signal is shown in,Figure 3 .  
once a second, 

The telemetry calibra- 
Data is sampled 

- 1 7  - 



C. Unregulated - Bus Current -- This s igna l  i s  propor t iona l  t o  t h e  
bus cur ren t  d i r e c t l y  o f f  t he  paddles and i s  a func t ion  of t h e  
c e l l  cur ren t  output versus  source angle  of incidence t o  t h e  
c e l l  sur face .  This s i g n a l  provides a q u a l i t a t i v e  assessment 
of paddle t r ack ing  e r r o r  during por t ions  of  an o r b i t .  It i s  
a f f e c t e d  by a t t i t u d e  e r r o r s  of t h e  v e h i c l e  about a l l  t h r e e  
axes a t  var ious  po r t ions  of t h e  o r b i t  and the re fo re  must be 
used caut ious ly .  It does give an ind ica t ion  of en t ry  i n t o  
umbra, which i s  use fu l  reference point  i n  a s ses s ing  t h e  o ther  
da t a .  I t s  te lemetry c a l i b r a t i o n  i s  shown i n  Figure 4 .  Data 
i s  sampled once every 16.2 seconds. 

Spec ia l  p r in t -ou t s  of t hese  t r a c e s  s i d e  by s i d e  w e r e  made f o r  
ana lys i s .  A sample of an e a r l y  o r b i t  i s  shown i n  Figure 5 .  
Referr ing t o  Figure 5 ,  t h e  da t a  shown are t y p i c a l  of t h e  f i r s t  
200 o r b i t s ,  T ime  progresses  from t h e  bottom of t h e  shee t  toward 
the  top as the  s a t e l l i t e  o r b i t s  t h e  Earth.  During t h e  s a t e l l i t e  
"day", t h e  unregulated bus current  remains a t  almost a constant  
value as t h e  s o l a r  a r r a y  i s  kept  o r i en ted  toward t h e  sun; t h e  input  
con t ro l  vol tage t o  the  Solar  Array Drive s t a y s  wi th in  a r e l a t i v e l y  
narrow band except f o r  s eve ra l  sho r t  i n t e r v a l s  which w i l l  be  
explained below. Meanwhile, t h e  cosine potentiometer output 
decreases slowly ind ica t ing  the  r o t a t i o n a l  p o s i t i o n  of t h e  s o l a r  
a r r ay  s h a f t .  

A t  s a t e l l i t e  sunse t ,  t h e  unregulated bus cur ren t  drops t o  zero  
s ince  t h e  s o l a r  c e l l s  do not  receive energy from t h e  sun and 
simultaneously the  input  vo l tage  t o  t h e  Solar  Array Drive increases  
t o  sa tu ra t ed  va lue  as t h e  sun sensor output i s  cu t  o f f  and t h e  
feedback potentiometer b i a s  vol tage takes  e f f e c t ,  
Drive immediately speeds upto approximately f i v e  t i m e s  o r b i t  r a t e  
and d r ives  t h e  s o l a r  paddles t o  the approximate s u n r i s e  pos i t i on .  
A t  t h i s  po in t  t h e  input  vo l tage  reduces t o  near  zero due t o  t h e  
change i n  b i a s  vo l tage  from t h e  feedback potentiometer as i t s  
s h a f t  i s  turned.  
t a t i o n  can be v e r i f i e d  by observing t h e  var iance  i n  t h e  r a t e  of 
change of t h e  output vo l tage  of the  cosine potent iometer ,  

The Solar  Array 

The speed increase  and subsequent pause i n  ro- 
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A t  sun r i se ,  t h e  unregulated bus cur ren t  abrupt ly  increases  but does 
not  a t t a i n  i t s  maximum value because t h e  paddles are not  q u i t e  
o r i en ted  t o  t h e  sun-tracking p o s i t i o n .  The sun sensors  immediately 
d e t e c t  t h i s  and cause t h e  Solar  Array Drive input  vo l t age  t o  go t o  
s a t u r a t i o n  value i n  order  t o  produce maximum slewing rate and ca tch  

s teady-s ta te  l e v e l  and t h e  unregulated bus cur ren t  a t t a i n s  i t s  
normal value.  

4- 

I up with t h e  sun. This acconplished, t h e  input  vo l tage  f a l l s  t o  a 

There a r e  seve ra l  departures  from t h e  a n t i c i p a t e d  normal opera t ion  
of t he  spacecraf t  Solar  Array System which need explanat ion.  A t  
po in ts  "A" on the  d r ive  vol tage  and cosine potentiometer t r a c e s ,  
i t  can be seen t h a t  t he  d r i v e  has reversed d i r e c t i o n  f o r  a sho r t  
per iod and i s  slewing a t  a high ra te  i n  t h e  opposi te  d i r e c t i o n  
from t h a t  needed t o  t r a c k  t h e  sun. (Note t h a t  t h e  input  vo l tage  
t r a c e  shows only magnitude, no t  p o l a r i t y . )  It then reverses  and 
slews r ap id ly  u n t i l  i t  once more catches up with t h e  sun and 
resumes normal t racking .  This p e c u l i a r i t y  w a s  caused by t h e  f a c t  
t h a t  Nimbus I was placed i n  o r b i t  such t h a t  t h e r e  w a s  a s l i g h t  
t i l t  angle between t h e  o r b i t a l  plane and t h e  sun l i n e ;  a corner 
of t he  sun shades f o r  t he  temperature cont ro l  s h u t t e r s  then pro- 
j e c t e d  s l i g h t l y  i n t o  t h e  l i n e  of s i g h t  between t h e  sun and t h e  
Solar  Array Drive sun sensors j u s t  before  and a f t e r  s a t e l l i t e  high 
noon. The r e s u l t a n t  shadowing of t h e  sun sensors  f i r s t  on one 
s i d e  only and then on t h e  o ther  s i d e  only produced a f a l s e  indica-  
t i o n  of t h e  sun p o s i t i o n  such t h a t  t h e  Solar  Array Drive reversed 
and drove the  S o l a r  Array backward f o r  a shor t  time u n t i l  o r b i t a l  
motion of t h e  spacecraf t  moved t h e  shadow away from t h e  sensors .  
The system then sensed t h e  e r r o r ,  reversed d r iv ing  d i r e c t i o n ,  
slewed r ap id ly  t o  t h e  proper p o s i t i o n  and resumed t racking .  
similar e f f e c t  can be observed a t  point  "B", j u s t  before  sunset 
on the  Cosine potentiometer t r a c e ,  Here, t he  shadowing w a s  caused 
by the  albedo s h i e l d  and w a s  a more gradual e f f e c t .  Both of t hese  
shadowing e f f e c t s  are r ead i ly  c o r r e c t i b l e  by a l t e r i n g  t h e  sh ie ld-  
ing ( co r rec t ive  changes were incorporated on Nimbus 11). 

/ 

A 

Other i r r e g u l a r i t i e s  shown i n  t h e  traces are due t o  te lemetry s ig -  
n a l  dropouts,  such as a t  poin t  "C", o r  poss ib ly  e l e c t r i c a l  no ise  
and have no s ign i f i cance  w i t h E s p e c t  t o  Solar  Array Subsystem 
operat ion 
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Figure 6 shows t h e  operat ion of t he  Solar  Array Subsystem 20 or-  
b i t s  before  f i n a l  f a i l u r e .  During the  sa te l l i t e  day, t he  average 
vol tage  necessary t o  t r a c k  t h e  sun has r i s e n  from t h e  e a r l y  va lue  
of about 1 , 5  v o l t s  (TM) t o  about 6 . 3  v o l t s  (TM) and i s  q u i t e  
e r r a t i c .  
noon shadowing. 
Figure 6 . )  

This e f f e c t  i s  very pronounced a t  t h e  pre- and post-  
(Note t h e  change i n  s c a l e  between Figure 5 and 

A t  n i g h t ,  it t akes  much longer t o  d r i v e  the s o l a r  a r r a y  t o  the sun- 
rise pos i t i on .  
vo l tage  could be i n d i c a t i v e  of a high f r i c t i o n  o r  binding load 
being seen by the  Solar  Array Drive motor. 

The high t racking  vol tage  and low speed a t  sa tu ra t ed  

Figures 7 and 8 show an orb i t -by-orb i t  h i s t o r y  of t h e  Solar  Array 
Drive input  vo l tage .  Certain t rends  i n  input  vo l tage  during each 
o r b i t  are evident .  
i ng  vol tage required gradual ly  rose  from sunr i se  t o  sunse t ,  but  
remained a t  a low va lue .  
average t racking  vol tage  per  o r b i t  gradual ly  rose  u n t i l  a t  a few 
o r b i t s  before  the  f i r s t  paddle stoppage, t h e  vol tage  s t a r t e d  t o  
r ise a t  an increas ing  r a t e  each o r b i t .  The d r i v e  moved a t  less 
than o r b i t a l  rate f o r  two o r b i t s  ( 3 5 4 ,  3 5 5 )  and stopped completely 
f o r  two o r b i t s  ( 3 5 6 ,  3 5 7 ) .  During t h e  o r b i t s  when t h e  a r r a y  w a s  
stopped, a few i n t e r v a l s  of motion were not iced during the  umbra 
por t ions  of t h e  o r b i t  i n  t h e  form of shor t  dura t ion  f a s t  movements 
through a r c s  of a few degrees.  

From t h e  f i r s t  o r b i t s  a f t e r  launch, t h e  t rack-  

After  t h e  f i r s t  two hundred o r b i t s ,  t h e  

The minimum vol tage  a t t a i n e d  during each dark per iod when t h e  a r r a y  
d r ives  t o  the  dark per iod n u l l  i s  a measure of t h e  f r i c t i o n a l  torques 
t h a t  e x i s t  i n  t h e  d r ive  as r e f l e c t e d  back t o  t h e  motor r o t o r .  This 
vo l tage  h i s t o r y  i n d i c a t e s  e r r a t i c  f r i c t i o n a l  forces  s t a r t i n g  about 
o r b i t  320 and markedly increas ing  f r i c t i o n  levels s t a r t i n g  a t  o r b i t  
350. Likewise, t h i s  vo l tage  i n d i c a t e s  a f r i c t i o n a l  fo rce  which 
decreased r ap id ly  following o r b i t  358 u n t i l  t h e  a r r a y  jammed i n  
o r b i t  3 7 2 .  

During t h e  twenty o r b i t s  before  t h e  f i r s t  stoppage, a no t i ceab le  
t rend  t o  higher  t r ack ing  vol tages  following most 
can be noted. Typical o r b i t s  are 3 3 8 ,  3 4 3 ,  3 4 5 ,  3 4 9 ,  3 5 2 .  The 
change i n  t racking  vol tage  a f t e r  a mechanical reversal would appear 
t o  be highly s i g n i f i c a n t  and perhaps i n d i c a t i v e  of mechanical, r a t h e r  
than e l e c t r i c a l  phenomena. 
on o r b i t  3 5 8 ,  the  d r ive  vol tage  dropped immediately t o  about s i x  
v o l t s  RMS, but  remained very e r r a t i c  € o r  two o r b i t s  before  it  
smoothed ou t .  

motor reversals 

When t h e  a r r ay  again s t a r t e d  t o  d r ive  

- 20 - 



The final failure occurred as a sudden lock-up of the drive dur- 
ing a motor reversal, 

Failure Mode Analysis 

In order to analyze the data to try to determine probable cause 
and the sequence of the flight failure, a list of possible fail- 
ure modes of the subsystem and components which could cause stoppag 
or slow-down of the subsystem was compiled,, These failure modes 
were then analyzed or investigated by testing to evaluate their 
probability as the cause of the flight failure, 
paragraphs summarize the results of this work, 

The following 

Possible Solar Array Subsystem and Component Failure Modes 

A .  Electrical Failure - of Amplifier 

Temperature build-up in amplifier causing one side of 
push-pull output to cut off or operate at reduced current 
output, 

A short across output transistor 

An open in output transistor 

B ,  Electrical Failure of the Motor -- 
F u l l  voltage not applied t o  control winding, high 
resistance in series with field, 

Low voltage on fixed phases. 

Open motor winding 

Shorted motor winding, 
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C. 

D. 

Mechanical Fa i lu re  - - o f  Motor 

High f r i c t i o n  on motor bear ings o r  drag on armature due t o  
lub r i can t  l o s s  o r  gumming. 

Mechanical i n t e r f e rence  due t o  f r i c t i o n  caused by fore ign  
p a r t i c l e s  i n  motor (can be i n t e r m i t t e n t  type f a i l u r e ) .  

Mechanical Fa i lu re  - of Gearhead 

F r i c t ion  build-up a t  input  due t o  l o s s  of l ub r i can t  o r  gum- 
ming of l ub r i can t  i n  bear ings.  

Intermit tent  f r i c t i o n  build-up due t o  p a r t i c l e  i n t e r f e rence  
i n  bear ings ,  

"High spot" type f a i l u r e ,  tendency of gearhead t o  s t i c k  due 
t o  high f r i c t i o n  a t  c e r t a i n  pos i t i ons  of output s h a f t .  

Wear of gea r s ,  u n t i l  gears no longer mesh. 

E .  Clutch F a i l u r e  

Relaxing of spr ing  tens ion  causing de ten t  torque t o  drop 
t o  nominal value near normal operat ing torque l e v e l .  (How- 
e v e r ,  t he  r e s idua l  torque between de ten t s  would a l s o  be 
reduced t o  below d r iv ing  torque level,) 

Binding of c lutch-driven s h a f t  bear ings causing f a i l u r e  of 
pinion gear o r  c lutch-driven gear o r  i n t e r n a l  f a i l u r e  of 
gearhead. 

Binding caused by i n t e r m i t t e n t  jamming by fore ign  p a r t i c l e s .  

F .  Potentiometer Shaft  Binding 

Binding of the  potentiometer s h a f t  bear ings ,  causing s l ipp ing  
of t h e  c lu tch .  

- 22 -. 



G .  

H. 

I. 

Paddle - Shaft - Bearing Failure 

Increased drag caused by end bearing misalignment due to 
temperature distortions of structure, 

Lubricant gummed up -- high friction torque. 
Particle contamination causing the bearing to jam or raising 
the bearing drag to a large value greater than clutch capacity. 

External Failures 

Possible wrapping of insulation about the shaft causing 
frictional load which would result in clutch slippage. 

Mu 1 t i p 1 e Failures 

Clutch lock to prevent detenting, followed by failure of shaft 
bearings with increasing torque load until the gearhead wears 
out or gears suddenly fail. 

Gradual failure of the gearhead by inertia loading during 
motor reversals. 

Sudden failure of the gearhead by gear breakage or jamming dur- 
ing motor reversals, 

Evaluation of Possible Failure Modes 

Amplifier and Motor Electrical Failures 

The Solar Array Drive amplifier was examined to determine the 
possible failure modes and the effects on the drive motor and 
telemetry signals due to each failure. The power stage for the 
solar array drive amplifier is shown in Figure 1 along with the 
telemetry circuitry. The possible modes of failure are listed 
below: 

a. A short circuit in the output transistor in the motor 
windings o r  wiring to the motor, 
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b .  An open c i r c u i t  i n  t h e  output t r a n s i s t o r ,  t h e  motor 
windings,  o r  i n  t h e  wiring t o  t h e  motor. 

c .  Reduction of gain i n  t h e  output t r a n s i s t o r s .  

In  eva lua t ing  t h e  f a i l u r e  modes,& i s  important t o  know t h e  motor 
e l e c t r i c a l  c h a r a c t e r i s t i c s .  These are given i n  Table I. 

TABLE I -- MOTOR ELECTRICAL CHARACTERISTICS 

Voltage AC RMS 
Phase I Phase I1 

26 18 

Frequency (cps) 400 400 

Current (amps ) 0.064 0.093 

Power Input (watts ) 1.5 1.5 

Power Factor 0 .9  0.9 

R (ohms) 365 174 

X (ohms) 1 7 7  85 

Z (ohms) 451 216 

a .  Shorted Trans i s to r  o r  Short on t h e  Motor Winding 

I f  a shor t  occurred i n  one of t h e  output t r a n s i s t o r s ,  282 m i l l i -  
amperes DC would flow through one-half of t h e  con t ro l  winding. 
The power d i s s ipa t ed  i n  t h e  motor winding would be 6 .9  w a t t s .  
Number 40 w i r e  i s  used i n  t h e  motor winding and would be unable 
t o  ca r ry  282 m a  without f a i l i n g .  Also, as can be  seen from 
Figure 1, a shor t  on e i t h e r  s i d e  of t h e  motor winding would cause 
approximately 24 ma DC t o  flow through t h e  te lemetry transformer.  
Data presented i n  Table 11 shows the  e f f e c t  of DC i n  t h e  primary 
of t h e  transformer.  
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TABLE 11 -- TELEMETRY SIGNAL TRANSFORMER SATURATION CHARACTERISTIC 

AC Input 
Volts RMS 

11 .o 
11 .,o 

11.0 

11 ..o 
11 ..o 
11 .o 

11 .o 
11 .o 
11 " 0  

1 1 . 0  

DC Current 
i n  Primary Ma 

0 

1 

4 

7 

10 

13  

16  

20 

30 

32 

It can be seen from t h  

Telemetry Output 
V o l t s  DC 

- 3  >58 

-3.57 

-3.53 

-3 44 

-3,15 

-2.,76 

-2.16 

-1.46 

-0.64 

-0.51 

da ta  t h a t  24 ma DC would s t u r a t e  t h e  
transformer and reduce t h e  te lemetry vol tage  t o  less  than 40 per -  
cent  of i t s  o r i g i n a l  va lue .  Since f u l l  te lemetry vol tage  w a s  
received from the  f l i g h t  veh ic l e  a t  var ious i n t e r v a l s  during a l l  
o r b i t s ,  a shor t  on the  winding o r  i n  the  output t r a n s i s t o r  could 
not  have been the  reason f o r  t h e  d r i v e  f a i l u r e .  

b ,  Open Trans i s to r  o r  Motor Winding 

The te lemetry transformer i s  connected t o  t h e  supply vol tage  
through the  motor winding. I f  one of t h e  motor windings i s  open, 
t h e  te lemetry transformer has no r e t u r n  and the re fo re  does no t  
produce the  proper t r a n s f e r  func t ion .  Data as taken on the  
s o l a r  a r r a y  d r ive  with one winding open i s  .shown i n  Table 111. 
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TABLE 111 - -  SOLAR ARRAY DRIVE OPEN WINDING CHARACTERISTICS ----------- ----- 

Input t o  Output of 

Volts  DC Volts  RMS Volts DC in-oz deg/min - Conditions 
SADA SADA T/M Load Speed 

- -.__-- -----.- --- 
0.026 2 .45  -0  .e 15 0 3 *43 Normal Connections 

0 , 0 5 3  1.78 -0 37 15 0 3”15 One Winding Open 

0.031 2 81 -0 .72  300 2.94 Normal Connections 

0 060 2 10 - 0  478 300 3 .05  One Winding Open 

Maximum vo l t age  with one winding open a - -  11.5  VRMS 

Maximum te lemet ry  volcage wi th  one winding open - -  - 2 . 4  VDC 

It can be seen from t h e  d a t a  t h a t  wi th  one motor winding open, 
s u f f i c i e n t  torque can be suppl ied t o  d r i v e  t h e  motor a t  o r b i t a l  
r a t e .  T w i c e  t h e  input  vo l t age  i s  requi red  t o  do t h i s  bu t  t h e  
paddles would s t i l l  t r a c k  t h e  sun. The drop o f f  i n  t e l e m e t r y  
vol’sage i s  ev iden t .  With t h e  ampl i f i e r  s a t u r a t e d  t h e  maximum 
telemetry s i g n a l  i s  - 2 . 4  VDC.  A 6 4 v o l t  t e lemet ry  s i g n a l  w a s  
rccordcd on those orbi’is where t h e  paddles were not r o t a t i n g ,  c/ 

7 

I f  an output  t r a n s i s t o r  opens,  t h e  output vo l t age  t o  t h e  moior 
would be t h e  same a s  i n  the case of  an open windin?, , bui- i:lrc 
measured voltaige and ilie te lemet ry  vol tage  would he hi.,n,herl Tile 
vo l tage  measured ac ross  t h e  mo~:n r  w i  ndin;: i s  h igher  because the 
winding which i s  not  d r i v e n  a c t s  a s  an auLo t ransformer and 
couples approximately 50 percenc of  t h e  vol tage on t h e  dr iven  
winding i n t o  the  open winding:. The telemerry t ransformer has a 
c losed  pa th  between Llie supply voliza:;e and :,round and s i n c e  t h e  
peak detect(- ,  a s  a Lon); L i m e  constant (12 m s )  , t h e  t e l e m e t r y  
1: rnnsfer  f - - i i i  011 wi.1 1- be near ly  the same as i t  i s  i n  the  operaCii-iz 
conditioris . 

Data L-alte:~ w i t h  a n  open t r a n s i s t o r  are shown i n  Table IV. 
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TABLE I V  -- OPEN TRANSISTOR CHARACTERISTICS 

output 
of SADA T /M Lo ad Speed 
Volts RMS Volts DC in . -oz ,  deg/min Conditions 

2.45 0.6 15 0 3 .43  Normal 

2.56 0.65 15 0 3 .OO Open Trans i s to r  

2 . 8 1  0.72 300 2 .94  Normal 

3 - 0 9  0.83 300 3.07 Open Trans i s to r  

Maximum Output Voltage with Open Trans i s to r  -- 18 VRMS 

Maximum Telemetry Voltage with Open Trans i s to r  -- -5 .8  VDC 

A s  can be seen from the  d a t a ,  an open t r a n s i s t o r  f a i l u r e  might 
escape de tec t ion .  The paddles would t r a c k ,  but with twice the  
normal t racking  e r r o r .  The te lemetry vol tage  drop t o  - 5 0 8  VDC 
maximum, however, was not  observed and the re fo re  i t  i s  con- 
cluded t h i s  t y p e  of f a i l u r e  d id  not  occur.  

c .  Degradation of T rans i s to r  Gain 

The s o l a r  a r r a y  d r i v e  ampl i f i e r  i s  similar i n  design t o  t h e  f l y -  
wheel ampl i f i e r  which d e l i v e r s  e i g h t  t i m e s  t h e  power of t he  s o l a r  
a r r ay  d r ive  ampl i f i e r .  
t r a n s i s t o r s  f o r  use as a s o l a r  a r r a y  d r ive  ampl i f i e r  i s  5 0 .  This 
requi res  each t r a n s i s t o r  t o  have a gain of seven. The worst-case 
gain of the  2N657 i s  est imated a s  2 0 .  There i s  adequate margin 
i n  the  design t o  allow one t r a n s i s t o r  t o  degrade t o  a gain of  
t h ree  and s t i l l  operate  normally. 

The minimum curren t  ga in  of t h e  output 

It  was concluded t h a t  t h e  cause of t h e  s o l a r  a r r a y  d r i v e  f a i l u r e  
was not a c i r c u i t  f a i l u r e .  No c i r c u i t  f a i l u r e  could produce t h e  
f u l l  range of telemetry s i g n a l s  received from t h e  veh ic l e .  
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Clutch and Outer Drive Areas 

- I  

A key poin t  i n  t h e  i n v e s t i g a t i o n  w a s  whether o r  not  t h e  c l u t c h  
had detented during t h e  l i f e t i m e  of t h e  spacecraf t  i n  o r b i t  and 
e s p e c i a l l y  during t h e  l as t  hundred o r b i t s  when t h e  d r i v e  vol tage  
required t o  maintain o r b i t a l  ra te  s t a r t e d  t o  rise from t h e  nominal 
value of 0,7 v o l t s  (TM). I f  it could be shown t h a t  t h e  c l u t c h  had 
not  detented, then t h e  d r i v e  f a i l u r e  could be loca l i zed  t o  those 
p a r t s  of t he  d r i v e ,  mechanical and e l e c t r i c a l ,  t h a t  precede the  
output s i d e  of t he  c lu t ch  mechanism. 

This reasoning would hold t r u e  only i f  it could be demonstrated 
t h a t  t h e  poss ib le  f a i l u r e  of t h e  c lu t ch  mechanism i t s e l f  i s  
extremely remote. Therefore,  i n  examining the  de ten t  problem, 
it  i s  necessary t o  examine c lose ly  t h e  poss ib l e  c lu t ch  f a i l u r e  
modes t o  decide if any p a r t i c u l a r  f a i l u r e  i s  l i k e l y  t o  occur i n  
o r b i t .  

The c lu t ch  assembly i s  a ba l l -de t en t  type device (see Figure 9 ) .  
The d r iv ing  member contains  a face-p la te  and a b a l l  cage with 
e igh t  b a l l  bear ings equal ly  spaced c i rcumferent ia l ly  and bear- 
ing  a x i a l l y  aga ins t  t he  face  p l a t e .  The dr iven member contains  
a face  p l a t e  with e i g h t  conical  pockets corresponding t o  t h e  loca- 
t i o n  of t he  e i g h t  b a l l s  i n  the  d r iv ing  member and i s  loaded 
aga ins t  t he  d r iv ing  member by four  b e l l e v i l l e  washers. Normally, 
t h e  b a l l s  a r e  r e t a ined  i n  the  conica l  pockets of t he  dr iven mem- 
ber  and the  d r i v e r  and dr iven members r o t a t e  toge ther  without 
s l ippage .  Under high torque condi t ions (corresponding t o  approxi- 
mately 350 in-oz a t  t h e  output s h a f t )  t he  b a l l s  are forced out of 
t h e  b a l l  pockets and a de ten t ing  ac t ion  occurs .  

Under c lu tch ing  a c t i o n ,  torque loads a r e  t ransmi t ted  by a component 
of b a l l  force  aga ins t  t h e  dr iven member p l a t e .  
increased ,  t he  b a l l s  a r e  forced up t h e  i n c l i n e ,  moving t h e  p l a t e  
a x i a l l y  aga ins t  t h e  spr ing  load.  The c lu t ch  d e t e n t s  when t h e  b a l l s  
reach t h e  top sur face  of t he  dr iven p l a t e  and t h e  t ransmi t ted  
torque drops t o  a lower va lue ,  approximately one-third of t h e  
normal value.  The c l u t c h  w i l l  remain detented u n t i l  t h e  d r i v e r  
o r  driven p l a t e s  a r e  r o t a t e d  s u f f i c i e n t l y  t o . b r i n g  t h e  next 
de t en t s  beneath t h e  b a l l s .  

A s  torque load i s  

Detenting a c t i o n  of t h e  c l u t c h  i s  
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not iceable  on t h e  output t r a c e  of t he  cosine pot by the  motion 
r eve r sa l  as the  b a l l s  e n t e r  t he  d e t e n t s .  Recordings made during 
a test  a r e  shown i n  Figure 10"  Under maximum dr ive  vol tage ,  i t  
requi res  about 47 seconds t o  d r ive  t h e  b a l l s  between cen te r s  of 
adjacent  de t en t s  when t h e  dr iven p l a t e  i s  he ld  immovable 
time spent on t h e  f l a t  i s  38 seconds and t h e  t i m e  on t h e  de ten t  
cones i s  nine seconds- Tests were run on t h e  c l u t c h  t o  measure 
t ransmi t ted  torque c h a r a c t e r i s t i c s  a t  var ious r e l a t i v e  speeds 
between input  and o u t p u t ,  
shape and magnitude 

The 

The torque waveforms a r e  s i m i l a r  i n  

The f l i g h t  te lemetry records were examined f o r  poss ib l e  c lu t ch  
de ten t  o p e r a t i o n ,  If t h e  torque output of t h e  c lu t ch  was absorbed 
by bearing drag ,  then t h e  varying speed of t he  motor gearhead should 
have l i t t l e  o r  no e f f e c t  on the  output speed of t h e  s h a f t  f o r  a 
continuously de ten t ing  operat ion of t h e  c l u t c h s  A s  measured from 
da ta  on var ious o r b i t s ,  however, t h e  slewing speed i s  s i g n i f i c a n t l y  
higher than the  o r b i t  speed. When t h e  motor i s  dr iven a t  sa tura-  
t i o n  vo l t age ,  t he  output speed of t h e  sha f t  does inc rease ,  a s  
shown i n  Figure 11, Figure 11 i s  t h e  speed-voltage r e l a t i o n s h i p  
a t  t he  motor of t he  Solar  Array Drive with o r b i t a l  d a t a  super- 
imposed. Note t h a t  higher  vol tage  produces higher  speed throughout 
t h e  f l i g h t  t o  f a i l u r e .  This would not  be t h e  case i f  t h e  c lu t ch  
had detented.  

The speed-voltage r e l a t i o n s h i p  a t  var ious vol tages  throughout t h e  
mission i s  of  i n t e r e s t  i n  e s t ab l i sh ing  t h e  f a i l u r e  s igna tu re ,  Three 
po in t s  of speed-voltage-torque a r e  a v a i l a b l e  f o r  each o r b i t :  

1, -- The zero speed vol tage  -- This i s  t h e  minimum vol tage  a t t a i n e d  
by the  ampl i f i e r  during t h e  dakr per iod n u l l  and corresponds t o  the  
minimum f r i c t i o n a l  torque. 

2 .  
The a r r ay  i s  t r ack ing  t h e  sun and the re fo re  moving a t  t h e  known 
o r b i t a l  r a t e ,  The t r ack ing  vol tage  i s  a measure of t h e  torque 
load seen by the  motor,  

- The o r b i t  speed vol tage  -- This i s  t h e  average d r iv ing  v o l t a g e ,  

3 .  Slewing speed vol tage  -- The vol tage  i s  known s a t u r a t i o n  
vol tage  and the  slewing speed i s  measured f rom t h e  cosine pot 
d a t a .  The a r r ay  slews approximately 90 degrees i n  t h e  umbra a t  
a constant vol tage input .  
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The da ta  f o r  a number of r ep resen ta t ive  o r b i t s  a r e  shown i n  
Figure 11. 
f o r  each o r b i t  are not  l i n e s  of constant  torque but  r a t h e r  
represent  t h e  opera t ing  l i n e  as t h e  d r ive  s a w  varying torque load 
with speed changes. 
seen by the  Solar  Array Drive motor increased s t ead i ly . ,  This 
appears t o  be i n d i c a t i v e  of increased f r i c t i o n  due t o  gradual 
wear, binding,  l o s s  of l u b r i c a t i o n  o r  from contamination. 

Note t h a t  t he  l i n e s  shown connecting t h e  da t a  po in t s  

From Figure 11, i t  i s  evident  t h a t  t h e  load 

Since the  a n a l y s i s  of t he  te lemetry da t a  ind ica t ed  t h a t  a c lu t ch  
d e t e n t  had not occurred,  s t u d i e s  w e r e  performed t o  determine i f  
t h i s  lack of de ten t  operat ion could be  due t o  a f a i l u r e  of t h e  
c l u t c h  r e s u l t i n g  i n  lock-up i n  the  engaged pos i t i on .  Fa i lu re s  
of ishis type could be  obtained i n  t h e  following mann 

A .  Wedging of t he  de t en t  p l a t e  s leeve  on the s h a f t  caused by 
l a rge  clearances between the  s leeve  and s h a f t .  

B .  Wedging of t he  s leeve  t o  s h a f t  under condi t ions of marginal 
l ub r i ca t ion  and high vacuum. 

C .  Loss of l ub r i can t  causing high f r i c t i o n a l  fo rces  on bear ing 
su r faces .  

D .  Wedging of fore ign  matter between t e e t h  of t he  input  and out-  
put c l u t c h  pinions preventing r e l a t i v e  r o t a t i o n  between the  
two. 

E .  Wedging of fore ign  mat te r  between the  b e l l e v i l l e  washers 
g r e a t l y  increas ing  t h e  apparent spr ing  cons tan t .  

F, Deformation of t h e  de ten t  cones i n t o  a cup-shaped cross-  
s ec t ion  due t o  repeated hammering by d r ive  r e v e r s a l s .  

Fa i lu re  A was inves t iga t ed  and discarded s ince  t h e  maximum 
to le rance  on t h e  clearance of t h e  s h a f t  t o  bushing i s  .0008” with 
a bushing length  of .3800 inches.  
l ength  i s  such t h a t  cocking i s  highly improbable. I n  a d d i t i o n ,  
t he  torque i s  t ransmi t ted  across  t h e  gear t e e t h ,  r e s u l t i n g  i n  a 
torque about t h e  s h a f t  which would r o t a t e  t h e  s leeve  and prevent 
t h i s  type of wedging, 

The r a t i o  of c learance t o  



I. 

Fa i lu re  B was inves t iga t ed  me ta l lu rg ica l ly .  
n i t r a l l o y  s teel  and t h e  bushing i s  of phosphor bronze,. Welding 
of chemically c lean  sur faces  of t h i s  type i s  very un l ike ly  even 
under l a r g e  sur face  p re s su res ,  Therefore ,  t h i s  type of f a i l u r e  
w a s  considered very un l ike ly ,  

The s h a f t  i s  of 

Fa i lu re  C was inves t iga t ed  experimentally.  
assembly was detented through each p o s i t i o n  of the  b a l l s  i n  both 
d i r e c t i o n s ,  The torque a t  each p o s i t i o n  w a s  recorded. The 
c lu t ch  was chemically cleaned t o  remove a l l  l u b r i c a n t ,  and re- 
assembled. The t es t  w a s  rerun.  Torque l e v e l s  a t  de ten t  w e r e  
s imi l a r .  Therefore,  s i m p l e  l ub r i can t  l o s s  w a s  not considered t o  
cause a f a i l u r e ,  

A l ub r i ca t ed  c lu t ch  

Fa i lure  D would tend t o  be c leared  o u t ,  i f  i t  had occurred, by t h e  
appl ica t ion  of reverse  d r ive  torques which d id  occur a number of 
times on each o r b i t .  This cause w a s  considered t o  be remote. 

Fa i lu re  E does not appear t o  be poss ib le  as it  would take a 
s i g n i f i c a n t  force  t o  i n s e r t  any l a rge  p a r t i c l e s  between two facing 
washers and could not occur i n  the  assembled d r i v e .  

Fa i lu re  F w a s  evaluted experimentally by applying 2000 reversing 
cycles  a t  f i f teen-second i n t e r v a l s  t o  the  solar a r r ay  d r ive  with 
the  output s i d e  of t h e  c lu t ch  pinned, N o  measurable d i f f e rence  
between de ten t  torques before  and a f t e r  t h e  t es t  was obtained.  
Therefore,  t h i s  type of f a i l u r e  was considered t o  be un l ike ly ,  

It was concluded t h a t  t he  c lu t ch  d id  not f a i l  i n  t h e  locked 
condi t ion.  

Therefore ,  s ince  i t  was concluded t h a t  t h e  c lu t ch  opera t ion  w a s  
normal and had n e i t h e r  detented nor locked-up, a l l  hypothesized 
f a i l u r e  modes on the  outboard s i d e  of t h e  c l u t c h  could not  have 
occurred during t h e  f l i g h t  of Nimbus I. The f a i l u r e  must have 
been, t h e r e f o r e ,  i n  t h e  motor o r  t h e  gearhead of t h e  Solar  
Array Drive.  
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Motor Temperature Evaluation 

Thermal tests were made with a drive motor to determine the ex- 
tremes of temperature that might have been experienced during 
ground testing and operation in orbit. Although the motor 
itself was built to take a 200°C temperature without failure, 
it was realized that the lubricant life could be seriously 
shortened by high temperature, especially when worked in a high 
speed bearing. This would result in shortening bearing life. 

Temperature tests under vacuum conditions were run on a motor 
operating normally and with a locked rotor. Since the maximum 
power is absorbed in the motor under stalled conditions with a 
locked rotor, it was expected that the maximum temperatures 
should be reached in the rotor under these conditions. 

The motor under test was mounted to a servo-breadboard plate 
(see Figure 1 2 )  with the rotor locked by means of a meshing 
gear which was fixed to the plate but thermally isolated from 
the plate. Thermocouples were attached to the rear bearing 
outer race, inner race and shaft; to the front motor shaft, 
mounting plate, and gear; and to the motor housing. The motor 
was first tested without the cover or Nylasint reservoir in the 
air, and then in vacuum. Next the cover and reservoir were 
installed and temperatures again checked. Finally, the motor was 
attached to the gearhead with the reservoir and cover attached 
and temperatures recorded in vacuum for the no-load conditions. 
Temperatures of the rotating rotor and shaft could not be 
monitored for this test. 

The power supplied to both the reference and control windings 
was varied during each test to obtain the equilibrium temperatures 
for various power inputs. Analysis of  the data indicated that 
the normal orbital driving voltage condition on thernotor would 
lead to maximum temperatures in the motor of less than 150°F. 

Figure 1 3  shows the temperature rise in vacuum of the hottest 
measured points on the motor, both stalled and running. 
shows the thermal response of selected points on the motor for 
both power-applied and power-removed conditions. The thermal 
time constant is approximately twelve minutes. 

Figure 14 
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Under slewing rate condi t ions with maximum power input  and t h e  
highest  con t ro l  box ambient temperatures,  t he  da t a  ind ica ted  t h a t  
t he  motor bear ing l o c a l  temperatures would not  have exceeded 
21O0F. Based on t h e  published da ta  f o r  G300 grease ,  t h i s  t e m -  
pe ra tu re  was not high enough t o  have caused se r ious  degradation 
of the l u b r i c a n t .  However, i t  was r e a l i z e d  a t  t h i s  po in t  t h a t  
t h e  a c t u a l  operat ing r o t o r  temperature might be g r e a t e r  than 
t h a t  ind ica ted  by the  t e s t s  and t h a t  the  G300 grease might have 
lower temperature l i m i t a t i o n s  than da ta  t o  da t e  ind ica t ed ,  and 
the re fo re  lub r i can t  d e t e r i o r a t i o n  was s t i l l  a d i s t i n c t  poss i -  
b i l i t y .  

Pre-Flight Test History 

The p r e - f l i g h t  tes t  h i s t o r y  of t h e  Solar  Array Drive was reviewed. 
The operat ing time and environments a r e  shown i n  Table 11. No 
s i g n i f i c a n t  t e s t  events w e r e  discovered i n  reviewing t h e  da t a  
which appeared t o  be r e l a t e d  t o  the  f l i g h t  f a i l u r e .  

TABLE I1 -- SOLAR ARRAY DRIVE TEST HISTORY 
( a l l  da t a  i n  hours) 

TEST 
_I_ 

Ambient 

ORBIT RATE 

307 

SLEW RATE POWER ON 

45 2010 

Vac-Therma 1 27 156 1320 

T o t a l  334 201 3330 

O R B I T  440 44 625 

No data  i s  a v a i l a b l e  on t h e  number of r eve r sa l s  experienced i n  
tes t . .  Paddle i n e r t i a s  w e r e  not  simulated,  Approximately 2300 
r eve r sa l s  occurred i n  o r b i t  including those r eve r sa l s  t h a t  
occurred due t o  p i t c h  o s c i l l a t i o n s  of t he  v e h i c l e ,  
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Analysis of Design Implementation and Quality Control 

In order to investigate the degree of probability that the flight 
failure might have been due to implementation or quality control 
defects, several motor-gearhead units and one complete Solar 
Array Drive were completely disassembled and inspected. The 
lubricant quantity and quality were evaluated; clearances , 
finishes and hardnesses were determined, Disassembly was per- 
formed in a Clean Room and the location and quantity of  built-in 
contaminant was assessed. Parts were checked for adherence to 
drawings, assembly and good-practice procedures,, 

A number of design implementation and quality control deficiencies 
were found but there were none that indicated tlie cause of the 
flight failure. All of the units had had some test operations 
performed; some evidences of wear were found. 

Among the design deficiencies found were (1) an extremely small 
air gap between the motor rotor and stator (.0005 in), (2) use 
of crown retainers instead of ribbon retainers in the ball bear- 
ings, (3) a direct venting path from the back of the motor to the 
vacuum environment which exposed the lubricant to hard vacuum, 
( 4 )  poor material and heat treatment selection for the gearhead 
gears, and (5) two-piece, pressed-on gear and shaft construction, 

Among the quality control deficiencies were (1) several kinds of 
contamination (chips, dirt, insulation), (2) improper soldering 
techniques, (3) improper heat treatment, ( 4 )  insufficient lubri- 
cant, (5) improper assembly (loose screws, loose fits between 
bearings and shafts and housings), (6) pDor wire dress, and (7) 
imp roper machining , 

None of these defects would have caused the flight failure nor 
would necessarily have produced other failures, though each 
degraded the margin between successful operation and malfunction 
of the unit. 
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S e c t i o n  3, Figure  2 
S o l a r  Array Drive Ampl i f ie r  Output vs .  TLM Voltage 
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Section 3 ,  Figure 5 
Solar Array System TLM, Orbit 36 
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P D  L. 0.3750 (REF) 
D P  - 64 (REF) 
NO. OF TEETH - 24 (REF) 

1 1.482 (REF) 

P D  = 0.8750 (R.EF) 
DP = 48 (REF) 
NO. O F  TEETH - 42 (REF) 

Sec t ion  3 ,  Figure  9 
Clutch Assembly 
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Sec t ion  3, Figure  11 

O r b i t a l  Data Superimposed 
S o l a r  Array Drive Motor Speed. 
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4.0 FAILURE VERlFICATION PROGRAM 

Introduct ion 

Proceeding on the  hypothesis t h a t  t h e  f l i g h t  f a i l u r e  w a s  due t o  a 
f a i l u r e  i n  t h e  Solar  Array Drive and t h a t  t he  f a i l u r e  could be 
reproduced i n  the  labora tory ,  a f a i l u r e  v e r i f i c a t i o n  program w a s  
e s t ab l i shed ,  
t o  the f l i g h t  hardware. A t  t h e  same t i m e ,  i n v e s t i g a t i o n s  were , 
begun t o  d e t e m i n e  the  maximum motor bear ing and lub r i can t  t e m -  

G-300 grease and o the r  high-vacuum l u b r i c a n t s  i n  s i m i l a r  app l i -  
ca t ions .  L a s t l y ,  a s e r i e s  of reviews with lead ing  exper t s  i n  
t h e  f i e l d  of l u b r i c a t i o n  were held t o  ensure cons idera t ion  of 
experience i n  r e l a t e d  app l i ca t ions  

A series of tes ts  were set up using u n i t s  comparable 

pe ra tu re s  and t o  e s t a b l i s h  the  s u i t a b i l i t y  and l i m i t a t i o n s  of I 

I 

Summary and Conclusions 

The f a i l u r e  v e r i f i c a t i o n  program produced p o s i t i v e  evidence of 
t he  cause of t he  f l i g h t  f a i l u r e ,  The f l i g h t  f a i l u r e  s igna ture  
w a s  reproduced by labora tory  t e s t i n g ,  
showed tha t  t h e  f a i l u r e s  were due t o  motor bear ing lub r i can t  
degradation. Studies  and tes ts  showed t h a t  high temperatures 
ex i s t ed  within t h e  motor a t  t h e  r o t o r  and bear ings.  The l u b r i -  
cant i nves t iga t ions  and t e s t i n g  had ind ica ted  these  temperatures 
would produce l u b r i c a t i o n  d i f f i c u l t i e s ,  I t  w a s  t he re fo re  con- 
cluded t h a t  t h e  f l i g h t  f a i l u r e  w a s  due t o  an inherent  design 
condi t ion whereby when t h e  S o l a r  Array Drive w a s  operated f o r  
prolonged per iods i n  vacuum, the  motor bear ing lub r i can t  degraded 
due t o  high temperature.  

Subsequent teardown 

Fa i lu re  Ver i f i ca t ion  Tes t ing  

The f a i l u r e  v e r i f i c a t i o n  tes ts  cons is ted  of simulated f l i g h t  
ope ra t ion ,  i n  vacuum f o r  prolonged pe r iods ,  of u n i t s  similar o r  
i d e n t i c a l  t o  t he  Nimbus 1: f l i g h t  hardware. The u n i t s  f o r  these  
t es t s  were used a s  i s ,  without disassembly o r  inspec t ion  except 
t h a t  some instrumentat ion sensors were a t t ached ,  Three motor 
gearhead u n i t s  were t e s t e d  without external.  l oad ,  a t  maximum 
speed and vol tage  and a t  var ious environmental temperatures.  
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One complete Solar  Array Drive w a s  t e s t e d  i n  a s i m i l a r  fash ion ,  
One veh ic l e  with a complete Solar  Array Subsystem less t h e  Solar 
Array Paddles,  but  with a braking load ,  w a s  t e s t e d  i n  vacuum t o  
an o r b i t a l  cyc le  c lose ly  corresponding t o  t h a t  of Nimbus I. 
Another veh ic l e  with a complete Solar  Array Subsystem and l a r g e  
i n e r t i a  wheels t o  s imulate  t h e  i n e r t i a  of t h e  Solar  Array Paddles 
was s i m i l a r l y  t e s t e d ,  

A l l  of these  tes t s  produced f a i l u r e s ,  
almost i d e n t i c a l  t o  t he  f l i g h t  f a i l u r e .  Two motor-gearhead u n i t s  
disassembled, re furb ished ,  and r e lub r i ca t ed  with newly-produced 
G-300 g rease ,  but otherwise of t h e  same conf igura t ion ,  a l s o  showed 
c l e a r  i nd ica t ions  of f a i l u r e  after being t e s t e d  under simulated 
f l i g h t  cond i t ions ,  
tests and t h e  subsequent disassembly analyses .  

The f a i l u r e  s igna tu res  were 

Figure 1 presen t s  a summary of t he  ind iv idua l  

In  every case ,  t h e  speed of t h e  motor gearhead u n i t  slowed down 
and became e r r a t i c  i n  opera t ion ;  some u n i t s  w e r e  t e s t e d  t o  t h e  
point  of complete motor s t a l l ,  
quent teardown and in spec t ion ,  t h e  f a i l u r e  w a s  found t o  be due t o  
d e t e r i o r a t e d  grease (thickened and d isco lored)  i n  t h e  motor bear- 
i ngs ,  which caused high bear ing torque and slowed o r  s t a l l e d  t h e  
motor, The s i n g l e  exception w a s  a u n i t  which w a s  found t o  have 
degraded grease on the  gears  i n  t h e  f i r s t  pass  of t he  gearhead. 
Vendor da t a  shows t h a t  t h i s  u n i t  w a s  s i g n i f i c a n t l y  d i f f e r e n t  i n  
operat ion immediately a f t e r  assembly and i t  i s  presumed t h a t  some 
anomaly occured a t  the  vendor 's  p l an t  which introduced t h e  degraded 
grease.  The two r e b u i l t  u n i t s  experienced motor speed slowdown 
and grease d e t e r i o r a t i o n  i n  approximately t h e  same average tes t  
time a s  d id  t h e  a s - i s  u n i t s ,  which ind ica ted  t h a t  t h e  she l f  l i f e  
of the grease w a s  not a. s i g n i f i c a n t  f a c t o r  i n  t h e  f l i g h t  f a i l u r e .  

I n  every case but  one,  upon subse- 

It should be noted t h a t  because t h e  normal output torque of t he  
motor was so  l o w ,  approximately -12 i n .oz . ,  i t  d id  not  take very 
much increase  i n  motor bear ing drag torque t o  produce motor s t a l l .  
Consequently, no p a r t s  were found t o  be badly damaged; even t h e  
b a l l s  and races  of t he  motor bear ings would have been se rv icab le  
f o r  many more hours i f  t h e  motor had had a h igher  torque c a p a h i l i t y .  
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Li Motor Bearing Temperature Inves t iga t ion  

It w a s  suspected t h a t  t h e  p o s t - f l i g h t  ana lys i s  temperature tests 
had yielded r e s u l t s  which were considerably lower than those 
a c t u a l l y  experienced wi th in  t h e  motor u n i t  a t  t h e  motor bear ings 
when the  u n i t  was opera t ing ,  Accordingly, i t  w a s  decided t o  
i n v e s t i g a t e  f u r t h e r ,  both a n a l y t i c a l l y  and by t e s t i n g ,  
a n a l y t i c a l  study u t i l i z e d  a combination of empirical  and theore- 
tical. r e l a t ionsh ips  t o  make par,ametric equat ions which were then 
solved with a PACE computer and presented i n  curve form,, 
curves ind ica ted  t h a t  high temperatures e x i s t e d  a t  t h e  inner  race  
and motor s h a f t .  

The 

These 

Measurement of ac tua l  motor bear ing temperatures was  performed by 
a novel technique developed f o r  t h i s  i n v e s t i g a t i o n ,  The motor w a s  
run i n  a vacuum chamber with i t s  rear bear ing exposed and scanned 
e x t e r n a l l y  through a a R  window by an i n f r a r e d  sensing radiometer 
(see Figure 2 and Figure 3 ) .  
were obtained w a s  r a t h e r  complex because of t h e  d i f f i c u l t y  of 
obtaining a t r u e  temperature c a l i b r a t i o n ,  
up a dummy bearing having a known, f ixed  temperature over t h e  
e n t i r e  sur face  of t h e  bear ing and with s i m i l a r  I R  r a d i a t i o n  
c h a r a c t e r i s t i c s  sueh a s  t h e  same conf igura t ion ,  materials, and 
sur face  t reatment .  The radiometer w a s  made t o  scan across  t h i s  
bear ing and a recording of radiometer output versus  scan p o s i t i o n  
made. This procedure was repeated a t  var ious  temperature l e v e l s  
t o  produce a s e t  of c a l i b r a t i n g  curves,  The radiometer then was 
made t o  s c a n  t h e  motor bear ing while t he  motor was opera t ing  a t  
s t a b i l i z e d  condi t ions and a recording of t h e  radiometer output w a s  
made, A s  an a d d i t i o n a l  c a l i b r a t i o n  check, a thermocouple w a s  
a t tached  t o  t h e  ou te r  r ace  of t h e  bear ing and read simultaneously 
when the  radiometer scanned t h i s  area. 
t h e  radiometer scan i s  shown i n  Figure 3 ,  The recorded outputs  
during the  dummy bearing and motor bear ing scans were then com- 
pared and the  t r u e  motor bear ing temperatures determined by i n t e r -  
po la t ion  of t he  da t a .  
b a l l  bear ing inner  r a c e ,  b a l l  r e t a i n e r ,  and ou te r  race  temperatures 
were measured while t he  r o t a t i n g  p a r t s  w e r e  operat ing normally.  
These measurements ind ica ted  temperatures i n  excess o f  300°F a t  

The method by which t h e  temperatures 

It  w a s  necessary t o  set  

A t y p i c a l  recording of 

By t h i s  means the  a c t u a l  r o t o r  s h a f t ,  
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1 the bearing inner race and ball retainer at the same time that the 
outer race and motor bearing were running much cooler at less than 
200°F, which was the maximum temperature measured previously by 
conventional thermocouple techniques (see Figure 4 ) .  

/ -  

Lubricant Invest igat ion 

P 

The investigation into lubricant characteristics and limitations 
showed that the G-300 silicone grease should be suitable for the 
application but must be suffering degradation by some means, 
probably high temperature in excess of 200°F. 
of published literature on high vacuum lubricants and on similar 
applications to that of the Solar Array Drive was made. 
studies indicated that under apparently similar laboratory condi- 
tions and actual applications, G-300 grease had performed well for 
thousands of hours and was equal or superior to any other vacuum 
lubricant. Similarly, accelerated tests of grease samples in 
vacuum in Spacecraft Department laboratories showed that the G-300 
grease would retain its essential characteristics for extremely 
long periods in vacuum at temperatures up to 20O0F, but that 
losses accelerated at higher temperatures. 

An extensive search 

These 

Consultant Reviews 

All through the failure investigation program, reviews with the 
consultant experts in lubrication ensured that the activities 
undertaken and an analysis of the results obtained were consistent 
with the latest state-of-the-art knowledge. The following persons 
participated in the program: 

W. E. Campbell, PhD, Rensselaer Polytechnic Institute 
J .  Cerrini, Naval Air Material Center 
F. Clauss, PhD, Lockheed Missile and Space Division 
M. Devine, Naval Air Material Center 
D. Flom, PhD, GE, Space Sciences Laboratory 
A. Haltner, PhD, GE, Space Sciences Laboratory 
R. Johnson, NASA, Lewis Research Laboratory 
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Section 4 ,  Figure 2 
Sketch of Test Setup f o r  IR-Scanning of a 

Rotating Motor Bearing 
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5 ,, 0 DES LGN IMPKOVEMENTS 

For f u t u r e  Nimbus v e h i c l e s ,  the S o l a r  Array Drive des ign  has  
been improved by s e v e r a l  key des ign  changes and a l a r g e r  number 

t i o n .  Figure 3 shows t h e  r e s u l t s  of temperature  p r o f i l e  t es t s  
conducted i n  t h e  new conf igu ra t ion ,  Comparing t h e s e  r e s u l t s  w i th  
Figure 4 of Sec t ion  4 ,  i t  can be seen t h a t  t h e  maximum temperature  
of t h e  motor r o t o r  has  been s i g n i f i c a n t l y  reduced and t h a t  t h e  
r o t o r  temperature now runs only s l i g h t l y  above t h e  temperature  
of t h e  s t a t i o n a r y  p a r t s  of t h e  motor,  

s -  of minor r e v i s i o n s .  F igures  1 and 2 show t h e  new d r i v e  configura-  

The primary improvements w e r e  ( a )  change from a s i z e  8 t o  a s i z e 1 1  
servo  motor, i n c r e a s i n g  a v a i l a b l e  motor to rque .  I n  a d d i t i o n ,  t h e  
motor r o t o r  w a s  coated w h igh  e m i s s i v i t y  p a i n t ,  which t o g e t h e r  
wi th  t h e  increased  r o t o r  l e n g t h  g ives  an o rde r  of magnitude i m -  
provement f o r  r o t o r  h e a t  r e j e c t i o n  over t h e  previous c o n f i g u r a t i o n ,  
(b) lowered f i x e d  phase vo l t age  from 26 v o l t s  t o  10 v o l t s ,  r e s u l t -  
i n g  i n  approximately four-to-one reduct ion  i n  input  power. (The 
vo l t age  can be increased  t o  26 v o l t s  by ground command, i f  
n e c e s s a r y ) ,  ( c )  i n s t i t u t e d  a 100-hour vacuum tes t  wi th  100 per-  
cent  teardown and in spec t ion  p r i o r  t o  f i n a l  assembly of t h e  motor 
gearhead. This  procedure revea led  s e v e r a l  d e f e c t s  i n  des ign  and 
q u a l i t y  c o n t r o l  which could have caused f l i g h t  problems. 

Other changes of i n t e r e s t  are i temized  below: 

Design 

Motor Bal l  Bearing c l ea rance  inc reased  t o  .0008-.011 inches  

Increased motor r o t o r - s t a t o r  a i r  gap t o  .002 i n c h e s ,  minimum 
( i n c r e a s e s  contaminant t o l e r a n c e ,  lmer s  r o t o r  h e a t . )  

S e a l c d  rear end of motor 

Mountcd temperature i n d i c a t o r  on motor case end ,  t o  be  te le-  
metered i n  f l i g h t ,  I 

High conduc t iv i ty  h e a t  s t r a p  between motor cas ing  and v e h i c l e  
temperature s i n k .  
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Motor mounting t o  gearhead c o n c e n t r i c i t y  improvcd (c l imina ted  
in t e rmed ia t e  p i e c e ) .  

Gearhead mounting t o  d r i v e  housing improved (f langed connec t ion) ,  
b' 

All f l ange  i n t e r f a c e s  greased t o  promote h e a t  conduct ion,  r e t a r d  
evapora t ion ,  

New gearhead gea r  material ( 4 3 4 0 ) ,  through-hardened and shot -  
peened. 

Ribbon r e t a i n e r s  i n  a l l  b a l l  bea r ings .  

High torque  gearhead gea r s  and s h a f t s  made of one p i ece .  

Wire s p l i c e s  reduced. 

All b a l l  bea r ings  s h i e l d e d .  Motor bea r ings  double-shielded.  

Gearhead gea r s  redesigned f o r  g r e a t e r  s t r e n g t h .  

Replaced s p r i n g  s e p a r a t o r s  wi th  phenol ic  s e p a r a t o r s  on l a r g e  
s h a f t  bea r ings .  

Made output  s h a f t  and gear  one p i e c e  and changed material  t o  
n i t r a l l o y  . 
Changed motor-gearhead output  gear  material t o  n i t r a l l o y ;  gear  
now i n s t a l l e d  by motor gearhead vendor. 

Increased  q u a n t i t y  of g rease  

Lockwiring now requ i r ed ,  

Separa te  e l e c t r i c a l  connectors  f o r  po ten t iometer  and d r i v e  
motor t o  s impl i fy  w i r e  harness .  

Replaced snap r i n g  on s h a f t  p i n  wi th  lock  n u t .  

Changed ven t ing  p a t h  t o  minimize a i r  flow through t h e  paddle  
s h a f t  bea r ings .  
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Quality Control 

Particulate contaminant and shelf age control of G-300 grease. 

Assembly performed only in clean hood. 

Instituted complete manufacturing flow plan with inspection 
points 

Instituted detailed heat treatment procedures, new fixtures to 
hold parts. 

Instituted better control of bearing shaft and housing fits. 

Instituted standardized baCl.1 bearing grease fill procedure 
with quantity control. 

1 

3 
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To dcmonst ra te  t h a t  t h e  new, improved S o l a r  Array Dr ive  d e s i g n  
had r c s o l v c d  the> p r e v i o u s  problems and would perform as r e q u i r e d  

a/ i n  f l i g h t ,  a lifcb a s s u r a n c e  tes t  program w a s  e s t a b l i s h e d ,  The 
o b j c c t i v c  or t he  program w a s  t o  demonst ra te  d e s i g n  adequacy f o r  
a six-iiiontli riiission by t e s t i n g  a t  an  a c c e l e r a t e d  ra te  i n  o r d e r  

secondary o b j e c t i v e  w a s  t o  e s t a b l i s h  t h e  a c t u a l  l i f e  and w e a r -  
o u t  characteristics of  t he  r edes igned  u n i t .  

c"r t o  ob ta i i i  a high degree  of a s s u r a n c e  as soon as p o s s i b l e .  A 

rt 

?/ 

I 

\ 

For t t i c ~ s c ~  piirposcs, a motor gearhead  u n i t  and a complete S o l a r  
A r r a y  I l r ivc.  u n i t  wcrc p l a c e d  on l i f e  t e s t .  To a c c e l e r a t e  t h e  
tcst  ix'siil t s ,  an approximat ion  of t h e  dynamic o p e r a t i o n  o f  t h e  
u n i t s  d t i r i n g  a f l i g h t  o r b i t  w a s  e s t a b l i s h e d  as a d u t y  c y c l e ,  w i t h  
thci noti-opc\rat iiig and s t e a d y - s t a t e  o p e r a t i n g  p o r t i o n s  oE t h e  f l i g h t  
o r b i t  reduccsd , Thus ,  each  t e s t  " o r b i t "  was accomplished i n  
approxirriately 16 minutes  as approximate ly  107 minutes  f o r  a n  
acLunl  o r b i t ,  Zn a d d i t i o n ,  t h e  u n i t s  were o p e r a t e d  a t  a base- 
p l a t  c> t c v i i p c r a t t t r C  o f  50 C ,  corresponding  t o  t h e  a n t i c i p a t e d  
max iiiiuiu noriiial tcvywrat t i re  expec ted  i n  f l i g h t  . The vacuum w a s  
maitltLli1icd 3t 'Torr o r  b e t t e r  by a diffusion-pumped t e s t  chamber,  

A f t e r  2500 "orbits", co r re spond ing  t o  one mis s ion  e q u i v a l e n t  i n  
dynainic operat i o n s ,  t h e  t e s t  d u t y  c y c l e  w a s  changed t o  cor respond 
c l o s c l y  t:o 1 l i l ; l i t  o r b i t  o p e r a t i o n  and accumulate  "real t i m e ' '  l i f e  
d a t a .  

A s  o f  . July I ,  1966 ,  the inotor gearhcad  has  accumulated ove r  6000 
hours and 0600 s imula t ed  ' l o r b i t s " ;  t h e  S o l a r  Array Dr ive  u n i t  has 
a c c - u ~ n i i l a t c ~ d  o v e r  4000 h o u r s  and 4400 s imula t ed  o r b i t s .  The u n i t s  
w e r e  part i i r l  l y  d i sassembled  and o p t i c a l l y  i n s p e c t e d  a f t e r  6000 
and 4000 hours rc i spec t ive ly  . N e i t h e r  u n i t  showed s i g n s  of d i s -  
trtbss aiicl bo th  arc  o p c r a t i n g  normal ly .  The l i f e  t e s t s  are s t i l l  
procc~t t l ing  '1 
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